The subgenual anterior cingulate cortex (sgACC) presents altered functional connections with other regions of the brain in individuals with depression. However, the developmental nature of this phenomenon remains largely unexplored. Functional connections of the sgACC were examined in 36 school age children, 17 with a history of preschool onset major depressive disorder (PO-MDD). The sgACC exhibited increased connections with cognitive control regions in healthy children and increased connections with thalamic and parietal regions in the PO-MDD group. A significant correlation between dysregulated emotional behavior and connectivity of the sgACC and dorsal medial prefrontal cortex was also found. These findings demonstrate that atypical sgACC functional connections are evident as early as school age in children with a history of PO-MDD and suggest an association with a very early episode of depression.
Introduction
Multiple neuroimaging studies have pointed to the importance of the subgenual anterior cingulate cortex (sgACC) in the onset and course of depression [1] . In general, these studies have suggested that the sgACC exhibits reduced gray matter volume as well as increases in metabolism (after controlling for volume) that declines toward normative levels with successful treatment and symptom remission [2] . More recent research has used the relatively new approach of resting state functional connectivity (rs-fcMRI), a method based on the discovery that spontaneous low-frequency (< approximately 0.1 Hz) blood-oxygen level-dependent (BOLD) activity is correlated among functionally related gray matter regions [3] . These studies have noted the presence of altered correlations between activity in the sgACC and other brain regions in people with depression [4] . Atypical correlations between activity in the sgACC and other regions suggest that it may be beneficial to conceptualize functional brain abnormalities in clinical depression as reflecting a disordered neural system rather than impairments in isolated regions [1] .
Given the recognized need to study the relationships between psychopathology and brain development at younger ages [5] , we explored the functional relationships of the sgACC in a unique sample of school age children with a history of preschool onset major depressive disorder (PO-MDD). As part of our Preschool Depression Study (see [6] ) we have followed these children and their families for the past 9 years. Results from the Preschool Depression Study have suggested that clinical depression can arise in preschool children as young as 3 years, that children experiencing PO-MDD exhibit differences from their same age healthy peers both behaviorally and biologically, and that there is continuity between PO-MDD and the well-known school age form of the disorder [6] [7] [8] . Building on this work and that of others, we suggest that the emergence of this putative clinical depressive syndrome very early in life may leave a 'developmental' fingerprint that persists following the remittance of symptoms and leaves one vulnerable to future episodes and/or continued emotionally dysregulated behavior [9] . Using our sample of children with a well-characterized history of PO-MDD, we began addressing this question by examining the functional relationships of the sgACC in rs-fcMRI data collected from them. Although the sgACC is not the only brain region implicated in major depression, we choose to focus on this region given the large body of literature supporting it as a key region in multiple neurobiological models of this disorder [1, 2, 10] .
Following neurobiological models of depression and early brain development [9] , we hypothesized that the sgACC would demonstrate reduced functional connections with earlier maturing cognitive control regions [11] , as well as increased functional relationships with areas processing visceromotor/sensory information, when comparing children with PO-MDD and their same age healthy peers.
On account of previous rs-fcMRI studies failing to find differences in sgACC-amygdala connectivity when comparing depressed and healthy children, we did not anticipate their presence in this study [12] . To further build upon previous studies of older individuals with depression, which have treated the sgACC as a single region [4, 12] , we examined the functional relationships of this area separately in each hemisphere. Additional post-hoc examinations were carried out to explore the relationship between brain findings and clinically relevant behavior.
Materials and methods

Participants
The Preschool Depression Study is an ongoing longitudinal investigation of 306 preschoolers and their families funded by the National Institute of Mental Health. Details regarding recruitment and assessment of this sample have been published in detail previously [6] . This study reports on a subsample of 36 children from this study that have participated in the initial phase of a longitudinal neuroimaging study. Prior to enrollment in the neuroimaging study, each family had participated in at least four annual comprehensive age appropriate mental health assessments (spanning at least 3 years) at the Early Emotional Development Program at the Washington University School of Medicine in St Louis. Using this information, children were placed into groups based upon the presence/absence of PO-MDD (see Diagnostic Assessment below). Children with a history of head trauma, neurological disease, developmental delay, or medication were excluded. This resulted in a group of 17 PO-MDD children and 19 healthy controls. Prior to their scan, children completed the Children's Depression Inventory [13] and the Children's Sadness Management Scale [14] . A parental written consent was obtained and the Institutional Review Board at Washington University approved all experimental procedures.
Diagnostic assessment
Diagnostic assessments were conducted by trained research assistants using the Preschool Age Psychiatric Assessment [15] , a valid and reliable diagnostic interview for identifying psychiatric disorders during the preschool period. PO-MDD was defined in this study as meeting developmentally adjusted Diagnostic and Statistical Manual, Fourth Edition, Text Revision MDD criteria prior to 6 years of age (see [16, 17] for further detail). Similarly, comorbid disorders (e.g. attention deficit hyperactivity disorder) were identified using this assessment instrument. The healthy control group was defined by an absence of any psychiatric diagnosis at all previous assessments. However, diagnostic status at the time of scan was not available for either group. To measure current depressive symptom status and to avoid misclassifying a child as healthy who had a new onset of major depression, the Child Depression Inventory was used as a measure of current depression symptoms (see below).
Child depression inventory
The Child Depression Inventory-Child and Parent versions were administered at the time of scan [13] . Child Depression Inventory scores were unavailable for four children (three control/one PO-MDD). Any child in the control group with a T-score of 65 or greater (indicating risk for clinically significant mood difficulties) on either the child or parent measures were excluded. This lead to a total of 15 controls used in all subsequent analyses as four control children were excluded based on these criteria.
Children's Sadness Management Scale
The Children's Sadness Management Scale is a reliable and valid measure of sadness management, which provides three scales measuring a child's ability to manage (inhibition), regulate (dysregulated expression), and cope with (coping) the experience of sadness [14] .
Data acquisition
Imaging data were collected using a 3T TIM TRIO Siemens (Malvern, Pennsylvania, USA) whole body system and included a T1 [sagittal acquisition, echo time = 2.9 ms, TR (repetition time) = 6.6 ms, flip angle = 81, one acquisition, 128 slices, 1 Â 1 Â 1 mm voxels] image and functional images collected with a 12-channel head coil using an asymmetric spin-echo echo-planar sequence sensitive to BOLD contrast (T2*) (TR = 2500 ms, echo time = 27 ms, field of view = 256 mm, flip = 901). Each functional run consisted of 36 contiguous axial images with isotropic voxels (4 mm 3 ) acquired parallel to the anterior-posterior commissure plane. Two functional runs of 128 TRs (approximately 11 min total) were collected while children rested with their eyes closed. For two PO-MDD and three controls only one run was available.
Preprocessing
Preprocessing and rs-fcMRI analyses were carried out using in-house software and were based on previously published techniques [18, 19] . Prior to preprocessing, the first five frames of each run were discarded to allow for signal stabilization. Data were reconstructed into images and normalized across runs by scaling whole-brain signal intensity to a fixed value and removing the linear slope to counteract effects of drift. MRI data was then corrected for head motion using rigid-body rotation and translation correction algorithms. Following motion correction, the functional images were registered to Talairach and Tournoux [20] space using a 12 parameter linear (affine) transformation and smoothed with a 6 mm full-width halfmaximum Gaussian filter. Several additional preprocessing steps including temporal filtering with a high pass filter (cutoff frequency of 0.009 Hz) and removal by regression of several sources of spurious variance including six rigid body motion correction parameters, ventricle signal, deep white matter signal, and whole brain signal. Average signal-to-noise ratio values did not differ between the groups (P > 0.05).
Subgenual anterior cingulate region of interest identification
Seed regions for the left and right subgenual anterior cingulate were derived from a previous study of sgACC connectivity in healthy school age children [21] . Specifically, the coordinates x = ± 4, y = 22, z = -5 were used to create 6 mm spheres centered in the sgACC for each hemisphere.
Seed-based whole-brain correlational analysis Correlation maps for each child were produced for each seed by extracting their BOLD time course and computing the correlation coefficient between these time courses and those from all other brain voxels. Fisher's r-to-z transform was applied to the individual correlation maps, and group comparisons were conducted with this transformed data using a random effects analysis. Monte Carlo a simulations were used to determine the necessary cluster size/uncorrected P value combination for a corrected false positive rate of 0.05 [uncorrected P value (< 0.0001) + cluster size thresholding (13 voxels)] [22] . Given the exploratory nature of this study and the potential for missing meaningful functional relationships, we choose to use a whole brain analysis approach rather than a region of interest one.
Brain behavior relationships
In order to identify potential individual differences in emotion regulation and expression, associations between sgACC connectivity and Children's Sadness Management Scale scores were evaluated with regression analyses in SPSS. Age, sex, history of comorbid disorder(s), Child Depression Inventory total score, and sgACC connectivity with regions identified as showing group differences (see Table 2 ) were used as independent variables. A Bonferroni correction was applied to account for the number of regions in each hemisphere (L: P < 0.01; R: P < 0.002) and only associations surviving this are reported.
Results
Demographics
Groups did not differ in age, sex, handedness, Child Depression Inventory total score, or any of the Children's Sadness Management Scale scales (all P > 0.05; see Table 1 ).
Whole brain functional connectivity magnetic resonance imaging analysis Healthy controls
Similar to previous research [21] , the healthy control group exhibited a strong positive functional relationship between both sgACC seeds and a large cluster extending bilaterally from dorsomedial frontal gyrus to ventromedial prefrontal cortex [sgACC seed/center of mass coordinates x,y,z/cluster size (voxels); R/0 38 14/2516; L/ -2 34 9/3100]. Additional clusters within subcortical and temporal lobe regions were noted for both seeds as well (see Figs 1a and 2a). As can be seen in Fig. 2a , a large region of bilateral posterior parietal cortex was negatively related to the left sgACC seed region in the healthy control group ( -6 -48 45/3526 voxels). We did not find a functional relationship between the sgACC and amygdala in either hemisphere.
Preschool-onset major depressive disorder
When the right and left sgACC seed regions were examined in the PO-MDD group, a strong positive functional relationship between the sgACC and a large bilateral cluster extending between the dorsomedial frontal gyrus and ventromedial prefrontal cortex [sgACC seed/center of mass coordinates x,y,z/cluster size (voxels); R/0 35 3/1392; L/ -2 33 5/2086] was observed again. However, the extent of this cluster was notably smaller and less extensive than that seen for controls (see Figs 1c and 2c). In addition, strong negative relationships between the right sgACC and midline structures such as the striatum were noted (see Fig. 1c ) as well. Positive relationships between both sgACC seeds and bilateral posterior cingulate cortex were also observed in the PO-MDD group. As in the healthy controls, a functional relationship between the sgACC and amygdala was absent.
Group differences
Group differences were evident in both hemispheres (see Table 2 ). Specifically, the right sgACC in the healthy comparison group was found to have a stronger functional relationship with the dorsal anterior cingulate [Brodmann area (BA) 32], medial frontal gyrus (BA 10), caudate, claustrum, and dorsal medial prefrontal regions (BAs 8, 9) . In contrast, children with a history of PO-MDD demonstrated a stronger functional relationship between the right sgACC and the inferior frontal gyrus (BA 47) and thalamus (Fig. 1b) . When the left sgACC was examined, the healthy comparison group demonstrated increased functional connections between this region and the medial prefrontal gyrus (BA 10) and putamen, whereas children with a history of PO-MDD exhibited increased functional connections with the periaqueductal gray, precuneus (BA 7), and paracentral lobule (BA 5; see Fig. 2b ).
Brain behavior relationships
A negative relationship between the right sgACC-right dorsal medial prefrontal cortex (see Table 2 ) functional connection and current level of emotional dysregulation reported on the Children's Sadness Management Scale [i.e. decreased connectivity/increased dysregulation; Pearson's r = -0.523, P = 0.002 (two-tailed)] was found. Further, right sgACC-right dorsal medial prefrontal cortex scores were found to account for a significant proportion of variance in emotional dysregulation scores even after current age, sex, history of internalizing/externalizing disorder, and negative affect at time of scan were included in the model (B = -6.4, SE = 2.7, P = 0.028); R 2 = 0.167, F(1,21) = 5.54, P = 0.028. Further examination at the individual group level revealed that this relationship was primarily driven by the PO-MDD group [r = -0.624, P = 0.007 (two-tailed)], however, the expected trend was still apparent in the healthy group [r = -0.311, P = 0.259 (two-tailed)].
Discussion
Using an a priori identified seed region in the sgACC, significant differences in the functional connections of Functional connectivity maps for the right subgenual anterior cingulate seed in (a) healthy, (b) group differences, and (c) preschool onset major depressive disorder. Images show regions significantly correlated with the subgenual anterior cingulate seed volume as well as group differences after correction for multiple comparisons (see text). In (a and b) warm and cool coolers indicate positive and negative connectivity, respectively. In (b) cool coolers indicate increased connectivity in the healthy group whereas warm colors indicate increased connectivity in the preschool onset major depressive disorder group. Functional connectivity maps for the left subgenual anterior cingulate seed in (a) healthy, (b) group differences, and (c) preschool onset major depressive disorder. Images show regions significantly correlated with the subgenual anterior cingulate seed volume as well as group differences after correction for multiple comparisons (see text). In (a and b) warm and cool coolers indicate positive and negative connectivity, respectively. In (b) cool coolers indicate increased connectivity in the healthy group, whereas warm colors indicate increased connectivity in the preschool onset major depressive disorder group.
this area were found between the PO-MDD and healthy groups in both hemispheres. As hypothesized, greater functional connections were found between sgACC and dorsomedial prefrontal regions for the healthy control group and with subcortical and posteriomedial parietal regions for the PO-MDD group. Additional connections between the sgACC and striatum were found to be stronger in the healthy group as well. When considered as a whole, the results suggest a pattern of atypical functional relationships between the sgACC and cortical and subcortical regions generally associated with cognitive control/behavioral flexibility (decreased) and visceromotor/self-focused (increased) operations in children with a history of PO-MDD. As such, these findings are consistent with neurobiological models pointing to the importance of the sgACC in depression onset and course [1] . They also provide initial support for neurodevelopmental theories suggesting the importance of 'selforganizing' processes in depressive disorders. Put simply, frequently occurring interactions between brain regions (e.g. corticolimbic) are those that become most stable over development [9] . We suggest that children with a history of PO-MDD demonstrate atypical patterns of sgACC functional connectivity that have been 'sculpted' by frequent, earlier occurring dysregulated mood states that have left a lasting and potentially indelible impression on the functional architecture of the developing brain.
The results of the current study are also consistent with previous research suggesting decreased connectivity between the sgACC and dorsomedial prefrontal regions in depressed adolescents. However, unlike Cullen et al. [12] , we also found regions with increased connectivity to the sgACC in our PO-MDD group. This may have resulted from examining sgACC connectivity separately in each hemisphere rather than using a single seed placed between them. As such, the observed pattern of sgACC connectivity differences suggests that the right and left sgACC may individually contribute to dysregulated cognitive control and increased visceromotor/sensory processing, respectively, in children with a history of PO-MDD. It is also worth noting that, in contrast to Cullen et al.'s study of sgACC connectivity in depressed adolescents, our PO-MDD group had no history of psychotropic medication use. Given the previously reported effects of antidepressant treatment on brain function in depression [23] , it is possible that the increased sgACC connectivity with thalamic and parietal regions found in our PO-MDD group were attenuated in the Cullen et al. [12] study as a result of medication exposure.
We failed to find a functional connection between the sgACC and amygdala for either group. In addition, as reported in previous studies of sgACC connectivity in depressed and healthy children [12] , we failed to find a significant difference in the functional relationship between the sgACC and amygdala when the groups were compared. Although sgACC seed location and/or our whole brain approach to significance may have contributed to this in both the within-group analyses and between-group comparisons, it is also possible that identification of any potential differences is dependent upon emotionally evocative events (e.g. induced sadness) that were absent in this study.
A statistically significant 'brain-behavior' relationship between atypical functional connectivity of the right sgACC-right dorsal medial prefrontal cortex (BA 8) and disruptions in emotional behavior was also identified, suggesting a link between dysregulated functional relationships of the sgACC and clinically relevant behavior. It has previously been suggested that regions such as the sgACC may act to recruit prefrontal regions for cognitive control of emotional responses [24] . Given the prominent role the dorsal medial prefrontal cortex plays in behavioral monitoring and decision making in childhood and adolescence [11, 25] this finding suggests that the normative relationship among these regions is not only disrupted in MDD but may also be related to the experience of depression very early in development.
Several limitations of this study should be noted. Although our sample represents the first functional imaging study of school age children with a history of PO-MDD, it is still relatively modest in size. In addition, diagnostic status at the time of scan was not available. However, given our focus on the history of PO-MDD and given the relatively low Child Depression Inventory scores (suggesting that a current diagnosis of depression was unlikely), this concern is somewhat minimized. Future analyses using a seed region not implicated in clinical depression will be of importance for testing the specificity of the current findings as will additional study of functional connections between other brain regions believed to be important in clinical depression. 
Conclusion
This study reports findings of abnormal functional relationships between the sgACC and multiple cortical and subcortical regions in children with a very early history of a putative clinical depressive syndrome. They also suggest that the early experience of a clinical depressive syndrome may have a long lasting impact on brain function and future emotional behavior.
